-(3-Aminophenoxy)phthalonitrile grafted graphene oxide (APN-GO) was employed as the filler incorporated into a sulfonated poly(arylene ether nitrile) (SPEN) matrix. The resulting composite membranes show good dispersion and compatibility, which is confirmed through scanning electron microscope. In this process, the existence of hydrogen bonds between amide and sulfonic acid groups can improve the interfacial adhesion and compatibility between the filler and the matrix. Besides, the newly introduced polar nitrile of APN-GO also can increase the intermolecular interaction and make the membranes more compact, which is favorable for the reduction of methanol permeability. Moreover, the composite membranes exhibit improved dimensional stability, proton conductivity and methanol permeability compared to that of a pure SPEN membrane. Furthermore, the composite membrane with 2 wt% filler achieves a high proton conductivity (0.124 S cm À1 at 20 C and 0.240 S cm À1 at 80 C) and low methanol permeability (0.117 Â 10 À6 cm 2 s À1 at 20 C) simultaneously, and exhibits a much higher selectivity (10.598 Â 10 5 S s cm
Introduction
Direct methanol fuel cells (DMFCs), which can convert chemical energy into electrical energy at a high efficiency without any pollutant emission, have been developed as an environmental friendly power source for portable applications.
1-3 A proton exchange membrane (PEM) as a core constituent of the DMFCs is the key factor in transporting proton systems, providing protons and preventing the mixing of fuel gas and oxidants. 4, 5 Furthermore, the desired PEMs are considered to possess high proton conductivity, excellent mechanical properties, outstanding thermal stability, low methanol permeability and low cost. Currently, the state-of-the-art PEM is DuPont's Naon membranes due to the high inherent conductivity. However, the Naon membranes suffer from high cost, difficult synthetic procedures and high methanol permeability, restricting the applications in fuel cells.
6-9
As effective alternatives, sulfonated poly(arylene ether nitrile) (SPEN) has been broadly investigated owing to their excellent thermal properties and oxidation resistance.
10-14
Moreover, polar nitrile groups in sulfonated aromatic polymers could decrease the swelling of the membranes and promote the adhesion property between the membrane and catalyst layer. 15, 16 Like other aromatic polymers, SPENs with high degree of sulfonation are required for the ideal PEMs. However, high sulfonation levels may lead to swelling or dissolution while the fuel cell systems are working. Organic-inorganic hybridization is an effective method for solving this problem. Studies have shown that the introduction of inorganic llers can greatly improve the comprehensive performance of SPENs. [17] [18] [19] As is known, graphene oxide (GO) possesses a typical pseudo-2D structure containing various oxygen functional groups, such as epoxide, hydroxyl, and carbonyl groups, and has received wide attention due to its excellent properties.
20,21
Recently, a variety of modied GO structures have been incorporated into the polymer matrix to obtain organic-inorganic composite membranes as PEMs. [22] [23] [24] [25] [26] [27] Although some signicant progress has been made, the development of new composite membranes, which meet the ideal PEM, is still in high demand. One challenge that still needs to be faced is the improvement of the interfacial compatibility between the modied GO and the polymer matrix. In addition, selectivity, namely, the ratio of proton conductivity to methanol permeability, also needs to be improved.
The dispersion of GO in the polymer matrix is the most important factor to improve interfacial interactions and obtain polymer composites with excellent properties, which are determined by the introduction of functional groups into GO. As is known, the cyano group that is "strongly polar" can increase the intermolecular interaction between the polymer chains and make the membranes more compact, which is favorable for the reduction of methanol permeability without signicantly decreasing the conductivity. [28] [29] [30] Thus, the cyano group is introduced into GO, which is expected to improve the interfacial adhesion and compatibility of GO and SPEN, resulting in composite membranes with a good balance between methanol permeability and proton conductivity. Moreover, the amide bonds are designed as a bridging group between GO and the matrix, which not only can be easily constructed, but also form hydrogen bonds with sulfonic acid groups, providing more proton transport channel for the hopping of protons.
In this study, nitrile functionalized graphene oxide (APN-GO) was synthesized as a ller. The effect of the APN-GO content on the structure and properties of SPEN membranes was extensively investigated. This study also provided a simple and new route for obtaining highly selective proton-conducting membranes. In addition, detailed descriptions of the composite membrane properties, such as thermal and mechanical properties, proton conductivity and methanol permeation, were studied. 
Experimental

Materials
Synthesis of SPEN
The SPEN was synthesized via nucleophilic aromatic substitution reaction with DFBN, BP and SHQ (the molar ratio was 1 : 0.3 : 0.7) in NMP with K 2 CO 3 as the catalyst. The detailed synthesis process was referring to the previous literature. 19 
Preparation of APN graed graphene oxide (APN-GO)
GO was obtained using the modied Hummers method from natural ake graphite. 32 The preparation of APN-GO was conducted in two steps. Firstly, 0.1 g of GO was dispersed into 100 mL of anhydrous DMF (1.0 mg mL À1 ) and then treated with ultrasonic oscillation for 1 h to prepare the GO suspension.
Aer that, the suspension was shied to a round-bottom ask with magnetic stirring under a nitrogen atmosphere. Then, 10 mL of IPDI was added and the reaction was reuxed for 7 h at 50 C. The mixture was washed with DMF solvent, sonicated for 10-20 min and then ltered to remove the unreacted IPDI. Secondly, 10 g APN, 100 mL DMF and two drops of stannous octoate were mixed together and reuxed for 5 h at 85 C. Aer being washed and ltered with DMF several times to remove the unreacted monomer, the targeted APN-GO was obtained. The detailed synthesis process is shown in Scheme 1.
Synthesis of APN-GO/SPEN membranes
The APN-GO/SPEN composite membranes were fabricated by the facile solution-casting method. The different content of APN-GO powder (0 wt%, 0.5 wt%, 1 wt%, 2 wt% and 3 wt% in the total mass of 2 g) were dispersed into 10 mL DMAc for 1 h by the ultrasonic dispersion technique. Simultaneously, the residual mass of SPEN was dissolved in 20 mL DMAc/deionized water (5 : 1, v/v) mixed solvent. Then, the APN-GO solution was added into the abovementioned SPEN solution and kept ultrasounding for 2 h under continuous stirring to ensure uniform mixing of APN-GO in the SPEN matrix. Finally, the mixture suspension was cast onto a glass plate, dried at 80 C for 2 h, and then subsequently heated gradually at 100 C, 120 C, 140 C, and 160 C each for 2 h in a vacuum oven to obtain the composite membranes with different APN-GO contents (0 wt%, 0.5 wt%, 1 wt%, 2 wt% and 3 wt%). The GO/SPEN membranes were also prepared using a similar procedure. The corresponding acid form composite membranes were obtained by immersing the potassium form into 1 M H 2 SO 4 for 24 h at room temperature.
Characterization of polymers and membranes
Fourier transform infrared (FTIR) spectra of GO and APN-GO were recorded on a Shimadzu FTIR8400S FTIR spectrometer in KBr pellets. The morphologies of the cross-sectional samples, obtained by brittle fracture in liquid nitrogen and decoration with gold layer, were observed using a scanning electron microscope (SEM, JEOL JSM-5900 LV). The XPS spectrum was recorded on an ESCA 2000 (VG Microtech, UK) using a monochromic Al Ka source. TGA (thermogravimetric analysis) was conducted on a TA Instruments Q50 series analyzer system under nitrogen atmosphere at a heating rate of 20 C min
À1
. The mechanical properties of the membranes were investigated using a SANS CMT6104 series desktop electromechanical universal testing machine, and the membranes were measured at 100% RH and room temperature at a constant operating rate of 5 mm min
To measure the water uptake and swelling ratio, all the membranes were dried at 80 C for 24 h, and the weights and lengths were marked as W dry . Aer that, all the membranes were
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soaked in deionized water for 24 h at the appointed temperatures and then taken out and wiped with tissue paper quickly for weight measurement. The water uptake and swelling ratio of the membrane were calculated using the following formula:
The proton conductivity was implemented via AC impedance method between the frequencies of 0.1 Hz to 100 kHz with 50 mV using an electrochemical work station (Model 600E Series electrochemical analyzer). The value of the proton conductivity was obtained using the following equation:
where s, L, R and A represent proton conductivity, thickness, measured resistance, and membranes area, respectively. The methanol permeability was conducted on the diffusion cell divided into two compartments by the membranes: one was added into hyperpure water (A, 20 mL) and the other was added into a 10 M methanol solution (B, 20 mL). The diffusion cells were continuously stirred in the experiment. The methanol concentration in cell A was examined using a SHIMADZU GC-8A chromatograph, and the methanol permeability was calculated using the following equation:
where A is the effective area, L is the thickness of the membrane, and V B is the volume of receptor reservoir. C A and C B are the methanol concentration in the donor and receptor reservoirs, respectively. respectively. 34 The appearance of these peaks demonstrates that graphite was successfully oxidized to graphene oxide. Compared with GO, the newly emerging characteristic peaks of APN-GO at 2960, 2930 and 2850 cm À1 are the antisymmetric stretching vibrations of methyl and methylene. The peaks at 2230 and 1245 cm À1 are the characteristic absorptions of -CN and the stretching vibration of the aromatic ether, respectively. In addition, the absorption peak of GO at 1720 cm À1 disappears, whereas the new bands of APN-GO at 1645, 1523, and 1310 cm À1 are observed, which are assigned to the carbonyl stretching vibration of carbamate esters and the characteristic absorption band of amide bonds.
Results and discussion
The characterization of APN-GO
35
TGA was used to further conrm the formation of APN-GO, as shown in Fig. 1(b) . GO contains various oxygen functional groups, such as carbonyl, epoxy, hydroxyl, and carboxylic acid groups which can be easily decomposed at 160-200 C.
Compared with these two curves, the decomposition degree of GO and APN-GO is quite different, indicating that parts of the oxygen functional groups have been reacted as expected.
The XPS C1s deconvoluted spectra of GO, APN-GO, and N1s of APN-GO are shown in Fig. 2 comparison, with the addition of APN, in the APN-GO C1s spectrum, a new carbon species appears at 284.7 eV, corresponding to -CN. In addition, the decreased intensity of C-O peak indicates that the hydroxyl group of GO has been reacted with IPDI. Fig. 2 (c) shows the N1s core-level spectrum, which consists of two components at 401.0 and 399.3 eV, assigned to the binding energies of the amide and nitrile of APN-GO. Therefore, the analysis of XPS, FTIR and TGA provides evidence that the APN-GO has been prepared successfully.
SEM characterization
The micromorphology and compatibility of SPEN and APN-GO were observed via SEM. The cross-sectional images of (a) pure SPEN, (b) 2 wt% APN-GO/SPEN at 8000 magnication time, (c and d) 3 wt% APN-GO/SPEN and (e and f) 2 wt% GO/SPEN membrane at 8000 and 12 000 magnication times are shown in Fig. 3 , respectively. From Fig. 3(b) , it can be clearly seen that the interface of APN-GO and SPEN has no evident cracks or pinholes, presenting an excellent interfacial continuity and compatibility, which is better than that of GO and SPEN ( Fig. 3 (e) and (f)). This is attributed to the existence of hydrogen bonds and -CN, allowing the APN-GO to generate electrostatic interactions with the SPEN main chains, which can weaken the surface tension and control the elastic force of GO. 25 This also proves that nitrile groups can better improve the interface compatibility of GO and SPEN, which is in agreement with previous study. 36 Moreover, it can be observed that the 3 wt% APN-GO/SPEN membrane possesses a cruder interface and exhibits larger cracks and holes in Fig. 3(c) and (d) . This is due to the appearance of phase separation between APN-GO and the SPEN matrix with the excess addition of llers, which breaks the counterbalance of interface interactions between APN-GO and SPEN matrix. This phenomenon can be seen more clearly in Fig. 3(d) . Fig. 4 shows the thermogravimetric analysis of pure SPEN and APN-GO/SPEN composite membranes. All the membranes exhibit two step degradation behaviors. The rst stage of weight loss from 270 C to 330 C is due to the degradation of sulfonic acid groups, and the second stage around 400 C is caused by decomposition of SPEN main chains. In addition, the 5% weight loss temperatures of APN-GO/SPEN composite membranes are all above 350 C, indicating that these membranes possess excellent thermal stability. Compared with the pure SPEN, the composite membranes show a higher decomposition temperature, demonstrating that the thermal stability of SPEN is improved by the incorporation of APN-GO, which is caused by the fact that the graed GO could capture the free radicals generated in the process of thermal decomposition. 37 
Thermal stability
Water uptake and swelling ratio
The water uptake (WU) and swelling ratio (SR) of the pure SPEN, APN-GO/SPEN and GO/SPEN composite membranes at different temperatures are presented in Fig. 5 and 6 , respectively. The pure SPEN membrane in an acid form swells excessively at a temperature of 80 C or higher, and therefore the WU and SR of the pure SPEN at 80 C cannot be presented in Fig. 5 . In general, the water molecules are very important in the proton conduction process for PEMs. From the gures, the WU and SR of both APN-GO/SPEN and GO/SPEN membranes are less than that of pure SPEN at relatively low temperatures, which is ascribed to the hydrogen bond interaction existing in both the composite membranes (sulfonic acid groups and amide of APN-GO/SPEN or hydroxyl of GO/SPEN membranes). According to Fig. 3 The cross-sectional images of (a) pure SPEN, (b) 2 wt% APN-GO/SPEN at the 8000 magnification time, (c and d) 3 wt% APN-GO/ SPEN and (e and f) 2 wt% GO/SPEN membrane at 8000 and 12 000 magnification times. previous reports, the existence of a hydrogen bond interaction leads to a more compact membrane, reducing the WU and SR to some extent. 38 In addition, the WU and SR of the APN-GO/SPEN membranes are slightly lower than that of the GO/SPEN composite membranes, indicating that the strong electron withdrawing cyano group in APN-GO can dramatically improve the interfacial adhesion and compatibility with the polymer matrix, which can also be conrmed by the SEM images. The results suggest that the GO and graed GO have a positive effect on the reduction of water uptake and swelling. Table 1 exhibits the tensile strength, tensile modulus, and elongation at break of the pure SPEN, GO/SPEN and APN-GO/ SPEN composite membranes measured in the full wet state. Both the tensile strength and modulus decrease with the addition of APN-GO and GO in the 100% wet state. Aer fully absorbing water, the plasticization effect of water could weaken the hydrogen bond interactions and reduce intermolecular forces, causing a decrease in the tensile strength and modulus. The 3 wt% APN-GO/SPEN composite membrane possesses the lowest tensile strength and modulus, which is mainly attributed to the bad interfacial adhesion caused by the phase separation between the ller and polymer matrix, resulting in the large interfacial permeation. Moreover, the plasticization effect of water also can increase the toughness of the membranes, which is identical with the results of elongation at break of the APN-GO/SPEN composite membranes in the full wet state. In addition, the elongations at break values of APN-GO/SPEN membranes are superior to pure SPEN, indicating that the SPEN membrane is toughened by APN-GO in the wet state. The strength and toughness results are caused by the common function of the water plasticization effect and hydrogen bond interactions, which occur simultaneously at the interface of APN-GO and the SPEN matrix. From Table 1 , the tensile strength, tensile modulus, and elongation at break of the APN-GO/SPEN composite membranes with different ller content in the wet state are slightly higher than that of the GO/SPEN membrane. This is due to the better interfacial interaction of the APN-GO/SPEN membranes than that of the GO/SPEN membranes, which can be also proven via the SEM images. Moreover, the introduction of the cyano group in APN-GO can also enhance the interfacial bond of ller and SPEN matrix, facilitating good interface compatibility. Though the tensile strength and modulus of the APN-GO/SPEN composite membranes present a slight downward trend with the increase of ller content, it is still better than that of Naon 117 (22 MPa), 39 suggesting that the APN-GO/SPEN membrane possesses an outstanding mechanical property, which is high enough for DMFC applications.
Mechanical properties
Proton conductivity
Proton conductivity is one of the key properties for estimating the fuel cell performance. Fig. 7 shows the proton conductivity of pure SPEN and the APN-GO/SPEN composite membranes at the prescribed temperatures in the full wet state. The detailed Fig. 5 The water uptake of (a) APN-GO/SPEN and (b) GO/SPEN composite membranes with different filler contents. Fig. 6 The swelling ratio of (a) APN-GO/SPEN and (b) GO/SPEN composite membranes with different filler contents. data are also shown in Table 2 . The proton conductivity of the composite membranes increase with an increase in APN-GO content until reaching the highest value (0.124 S cm À1 ) at 2 wt%, and aer that, the proton conductivity decreases. This appearance is related to the hydrogen bond interaction and interfacial adhesion between APN-GO and the matrix. The hydrogen bonds act as the proton transmission medium, and are propitious for accelerating the rate of proton transfer, as described schematically in Fig. 8 . Fig. 8(b) presents the protonhopping behaviour of pure SPEN (b, I) and the composite membranes via the hydrogen bonds at the interface of APN-GO and SPEN (b, II), indicating that the existence of the amide bond is benecial for fast and effective proton transfer. Moreover, the compatibility and dispersion of APN-GO in the matrix of SPEN are also very important factors for the improvement of proton conductivity. Excellent interfacial adhesion can form continuous proton transport channels, improving the efficiency of proton transfer to achieve enhanced conductivity, such as in 2 wt% APN-GO/SPEN. However, when the ller content exceeds a certain value, the composite membrane (3 wt%) exhibits a phase separation phenomenon between the ller and the matrix, resulting in bad interfacial adhesion. The hydrogen bonding interaction is also weakened. This result corresponds to the results from SEM. Table 2 also shows the proton conductivity of the GO/SPEN composite membranes at room temperature. When the content of GO and APN-GO is less than 1 wt%, the proton conductivity of APN-GO/SPEN and GO/SPEN composite membranes shows little difference, which is due to the fact that the low ller content is not sufficient for improving the proton conductivity. However, when the content of GO and APN-GO is more than 1 wt%, the proton conductivity of the APN-GO/SPEN composite membranes is far higher than that of the GO/SPEN membranes, suggesting that the interfacial adhesion and compatibility between the ller and the matrix is better improved by the APN-GO. Fig. 7 also presents the dependence of proton conductivity of APN-GO/SPEN membranes on different temperatures. Usually, an increase in the temperature can accelerate the rate of proton transport by the way of hopping. Unexceptionally, the APN-GO/ SPEN membranes with different ller content also follow this rule. For the 3 wt% APN-GO/SPEN membrane at 80 C, though the water uptake is higher than that of 2 wt% APN-GO/SPEN, the proton conductivity still decreases. This is due to the bad interfacial adhesion of 3 wt% APN-GO/SPEN membrane, causing greater interfacial penetration. Thus, the membrane cannot be bonded with the protonated propagation medium to form the net transport of protons. Overall, the APN-GO/SPEN composite membranes show excellent proton transfer capability. Table 2 lists the methanol permeability of pure SPEN, GO/SPEN and APN-GO/SPEN composite membranes at room temperature. In contrast with pure SPEN, all the composite membranes (GO and APN-GO) possess lower methanol permeation, which may be attributed to the barrier effect of GO. Moreover, the methanol permeability of the composite membranes appear to decline with the addition of APN-GO until the content reaches 2 wt% and then the methanol permeability begins to increase, which may be caused by the excellent interfacial adhesion between APN-GO and the matrix.
Methanol permeability and selectivity
40
Within a certain amount of APN-GO, due to the hydrogen bonding interaction between the amide bond and sulfonic acid group, a good interfacial interaction is established between the ller and the matrix. However, when the content of APN-GO is in excess, the interfacial adhesion is destroyed by the phase separation phenomenon, resulting in an increased penetration of methanol. Moreover, Table 2 also shows the methanol permeability of the GO/SPEN composite membranes measured at the same condition. The methanol permeability of APN-GO/ SPEN is lower than that of the GO/SPEN composite membranes, demonstrating that the polar nitrile group of APN-GO also can increase the interaction between the ller and the polymer matrix, making the membranes more compact, which is benecial for the reduction of methanol permeability. Though the methanol permeability of the 3 wt% APN-GO/SPEN membrane has a slight increase, it is still smaller than that of commercial Naon 117 by an order of magnitude, conrming that the APN-GO is an effective ller for the resistance of methanol. Selectivity is an important parameter for estimating the performance of membranes used in DMFC. In general, the greater the selectivity, the better the performance is in DMFC.
41,42 Table 2 shows that the selectivity of all the composite membranes is higher than that of pure SPEN. The highest selectivity of 2 wt% APN-GO/SPEN reaches 10.598 Â 10 5 S s cm À3 , whereas of the Naon 117 membrane, it is 0.45 Â 10 5 S s cm À3 , and is even higher than that of other hybrid membranes listed in Table 2 , [43] [44] [45] suggesting that the APN-GO/SPEN proton exchange composite membranes have great potential in the application of fuel cells.
Conclusion
In summary, APN-GO/SPEN proton exchange composite membranes have been successfully fabricated via facile solution casting technique, aiming to obtain a high proton conductivity and low methanol permeability simultaneously. In this process, the amide and sulfonic acid groups can form hydrogen bonds, altering the hydrophilic domains and disrupting the original microstructure of pure SPEN. In addition, the membrane with 2 wt% APN-GO possessed excellent interface compatibility with the SPEN matrix. However, when the ller content exceeded this range, the interfacial adhesion suffered from damage due to phase separation. The water uptake and swelling ratio of the 2 wt% APN-GO/SPEN composite membranes reached 26.57% and 11.43% at 20 C, respectively, far lower than that of SPEN, indicating that the hydrogen bonding interaction can make the membrane more compact. Furthermore, the proton conductivity of the 2 wt% APN-GO achieved the highest values of 0.124 and 0.240 S cm À1 at 20 C and 80 C, and its methanol permeability reached a value of 0.117 Â 10 À6 cm 2 s À1 at 20 C.
Therefore, the composite membrane with 2 wt% APN-GO possessed the highest selectivity (10.598 Â 10 5 S s cm À3 ), which is better than that of pure SPEN and Naon 117 membranes. It is believed that the as-prepared APN-GO/SPEN composite membrane has great potential for DMFCs applications. View Article Online
